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ABSTRACT 
 
 Lack of water is one of the most significant issues that already threaten world 
agriculture as many countries are unable to meet the demand for water to grow the crops.  
To make matters worse, the water availability is expected to fall by half by 2050, thus 
severely restricting agriculture production. Genetic engineering of crops to enhance their 
tolerance to such unfavorable environment represents one of the few approaches that can 
help us address this problem. Osmotin and osmotin-like proteins are stress proteins, 
belonging to the plant PR-5 group of proteins, which induced in response to various 
types of biotic and abiotic stresses in several plant species. Carrot plants were 
transformed with tobacco osmotin gene that encodes a protein lacking 20 amino-acid 
sequence at the C terminal end under the control of CaMV 35S promoter using the 
Agrobacterium-mediated transformation method. The gene integration and expression 
were confirmed by Southern and Western blot analyses and the transgenic plants were 
evaluated for their ability to tolerate drought stress. Under drought conditions, 
transformants exhibited slower rates of wilting compared to the wild-type and gained the 
ability to recover faster than their untransformed counterparts when the drought stress 
was alleviated. Under water stress, transformants showed lower levels of H2O2 
accumulation, reduced lipid peroxidation and electrolyte leakage, and higher leaf water 
content. Taken together with some earlier reports, our results provide additional 
evidence for the protective ability of tobacco osmotin protein against drought stress and 
suggest a possible means to achieve tolerance against a serious type of abiotic stress.         
 iii 
 
DEDICATION 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
To my dearest father and my lovely mother. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv 
 
ACKNOWLEDGEMENTS 
 
  I would like to thank my advisor, Dr. Kevin Crosby for his guidance, supervision 
and support during my courses and research. Dr. Crosby was an easy going person with 
a friendly characteristic and I never felt uncomfortable sharing my thoughts and ideas 
with him. I am also sincerely thankful to Dr. Keerti Rathore for his support and advice 
during my research work. He was really my backbone and the man who taught me 
almost everything about genetic transformation and I wish to have at least half of his 
genius mind in the future. I also want to thank Dr. Leonardo Lombardini for his support 
and lovely personality. 
My special thanks are to my awesome lab members, LeAnn Campbell, Loren Tollack, 
Dr.Sreenath Palle, Dr.Sameer Joshi, Dr.Devendra Pandeya, and Jazmina Urriola, who 
were not only lab mates, but as brothers and sisters to me. They helped me a lot during 
my research and exhibited as much compassion, friendship and courtesy as one can 
expect. I would like to extend my gratitude to my sponsor, The Norman Borlaug 
Institute for believing in me and for their support and encouragement throughout my 
study specially Dr. Maad Mohammed and Eric Brenner. I would also like to thank my 
friends and colleagues and the department faculty and staff for making my time at Texas 
A&M University a great experience. 
Finally, my grateful thanks go to my very gentle and ideal father Hajji Hani, my lovely 
and kind mother Hajja Sahar, my beautiful and supportive wife Shahad, and my dearest 
brothers Shamil and Ammar for their love and patience during my master’s study.  
 v 
 
TABLE OF CONTENTS 
 
              Page 
ABSTRACT ..............................................................................................................  ii 
DEDICATION ..........................................................................................................  iii 
ACKNOWLEDGEMENTS ......................................................................................  iv 
TABLE OF CONTENTS ..........................................................................................  v 
LIST OF FIGURES ...................................................................................................  vii 
LIST OF TABLES ....................................................................................................  ix 
1. INTRODUCTION .................................................................................................       1 
 The impact of drought .........................................................................................       1 
      Carrots general introduction ................................................................................       4 
      The utilization of stress proteins .........................................................................       6 
2. MATERIALS AND METHODS ..........................................................................       12 
 Plant materials and tissue culture ........................................................................       12  
 Agrobacterium-mediated transformation of carrot callus ...................................       12 
 Regeneration of transformed calli .......................................................................       13 
 Flower initiation and seed production .................................................................       14 
 Osmotin construct ...............................................................................................       14 
 Polymerase chain reaction (PCR)  ......................................................................       17 
 Southern analysis to confirm genetic integration ................................................       18 
 Western blot analysis for the expression of tobacco osmotin gene .....................       19 
 Short term drought treatment ..............................................................................       20 
 Determine relative water content ........................................................................       20 
 Estimation of leaf H202 content ...........................................................................       21 
 Estimation of malondialdehyde (MDA) content in leaf tissue ............................       22 
 Measurement of ion leakage in leaf tissue ..........................................................       22 
 Estimation of proline content in leaf tissue .........................................................       23 
 
 
 
 
 vi 
 
3. RESULTS AND DISCUSSION ...........................................................................       24 
 Generation of transgenic plants ...........................................................................       24 
 Screening for osmotin in the T1 transgenic plants ..............................................       30 
      Segregation analysis for T1 transgenic plants .....................................................       32 
 Evaluation of transgenic plants subjected to drought stress ................................       34 
 Hydrogen peroxide (H2O2) accumulation in plants under drought stress ...........       36 
 Estimation of malondialdehyde (MDA) in plant leaves under drought stress ....       39 
 Relative water content of carrot leaves under drought stress ..............................       40 
 Measurement of leaked ions in the leaves of plants under drought stress ..........       42 
 Estimating proline content in the leaves of plants under drought stress .............       44 
 
4. CONCLUSIONS ...................................................................................................       46 
REFERENCES ..........................................................................................................       48 
 
 
 
 
      
 
 
 
  
  
  
            
 
 
 
 
 
 
 
 
 vii 
 
LIST OF FIGURES 
 
FIGURE                                                                                                                        Page 
      1 A recent map of the Middle East that shows the wide spread drought ......       3 
 2 pRTL – Osmotin .........................................................................................      15 
 3 Plant transformation vector pCAMBIA2300-Osmotin ..............................      16 
 4 PCR analysis for T0 transgenic plants using osmotin gene-specific  
               primers ........................................................................................................      25 
 5 PCR analysis to detect Agrobacterium contamination in the putative  
               transgenic plants using pCAMBIA2300 backbone specific primers .........      26 
 
 6 Southern blot analysis of putative transgenic plants ..................................      27 
 7 Duplicate RT-PCR analysis on T0 transgenic lines using osmotin gene- 
               specific primers along with carrot H1 histone gene-specific primers ........      28 
 
 8 A schematic representation of the stages from seed to seed through tissue 
culture for the production of T1 generation ...............................................      29 
  
      9 Southern blot analysis of genomic DNA from leaves of T1 transgenic  
               plants ..........................................................................................................      31 
 
    10 Western blot analysis for tobacco osmotin protein in T1 plants  
               obtained from three different transgenic lines ............................................      32 
 
    11 Selection of transgenic plants prior to the short-term drought experiment      33 
 
    12 Wilting status of wild-type (WT) and transgenic carrot plants after 6 d  
               of water stress .............................................................................................      34 
 
    13 Accumulation of Hydrogen peroxide (H2O2) in plants subjected to  
               drought stress ..............................................................................................      38 
 
    14 Malondialdehyde (MDA) levels in wild-type (WT) and transgenic carrot  
               plants subjected to water stress conditions (yellow bars) and normal  
               condition (blue bars) for 6 d .......................................................................      40 
 
 viii 
 
   15 Relative water content in wild-type (WT) and transgenic carrot plants 
               subjected to water stress conditions (yellow bars) and normal condition  
               (blue bars) for 6 d .......................................................................................      41 
 
   16 Measurement of Ion leakage in wild-type (WT) and transgenic carrot  
               plants subjected to water stress conditions (yellow bars) and normal  
               condition (blue bars) for 6 d .......................................................................      43 
 
   17 Proline levels in wild-type (WT) and transgenic carrot plants subjected 
               to water stress conditions (yellow bars) and normal condition (blue bars)  
               for 6 d .........................................................................................................      45 
 
 
 
 
 
 
 ix 
 
LIST OF TABLES 
 
TABLE                                                                                                                          Page 
 
 1 Classification of Mediterranean Bioclimatic Zones in Middle East by 
Precipitation ...............................................................................................       3 
  
 
 
 
 1 
 
1. INTRODUCTION 
 
The impact of drought 
 
Drought is one of the most serious issues that threaten global agriculture, which 
can happen recurrently in many climates around the world. Scientists define drought as a 
lack of moisture caused by a natural reduction in the amount of precipitation over a 
period of time associated with increased water demand that exceeds the natural water 
resources (Wilhite and Buchanan-Smith, 2005; Wilhite and Glantz, 1985). The 
consequences of drought impact heavily the global economy, as well as the environment. 
Bryant (1991) ranked drought as number one among all natural hazards, depending on 
several characteristics including economic loss, severity, duration, loss of life, and social 
effect.   Sub-humid, semiarid, and arid regions are frequently subjected to drought due to 
their highly variable inter-annual precipitation. Consequently, agriculture in these 
regions is often tenuous and it gets more vulnerable in the below-normal precipitation 
years. Each drought episode is unique in its climatic characteristics because it is often 
related to timing (delay in the start of the rainy season, infrequent of rains during 
principle crop growth stages), and the intensity and number of rainfall events 
(Sivakumar et al., 2011). 
Sivakumar et al. (2011) listed several characteristics that can distinguish drought from 
other natural hazards in many ways depending on the severity and duration of its impact. 
They also stated that the parameters that define drought are different due to the 
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variability in the types of droughts that exist. For example, meteorological drought is 
defined by the decrease in precipitation over an extended period of time, while 
agricultural drought can best be defined as the lack of soil moisture that influences the 
crop production potential. Additionally, hydrological drought is best defined by 
deficiencies in surface and subsurface water supply. Many countries have been facing 
severe drought conditions since the recording of climate data. These countries have 
experienced less and inconsistent rainy seasons, deficiencies in water storage capacity, 
and irrigation water shortages that have threatened their agricultural sectors. The 
Murray-Darling River Basin in Australia is a clear example of drought consequences. In 
the last two decades, this river has been subjected to periods of prolonged droughts and 
in 2008, the river water level was less than a quarter of its long-term average. Moreover, 
southwestern regions of China are experiencing the worst drought in six decades which 
forced more that 2 million people back into poverty (Sivakumar et al., 2011). As for the 
Middle East and the Horn of Africa, where most of their lands are located within the arid 
and semi-arid ecozones, drought is often considered frequent phenomenon. Hazell et al. 
(2001) classified the regions of the Middle East and North Africa into six bioclimatic 
zones based on the annual rainfall (Table1).  
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Table 1: Classification of Mediterranean Bioclimatic Zones in Middle East by 
Precipitation (Hazell et al. 2001)    
 
Zone type Annual rainfall (mm) Percent of arable area  
Super- arid < 200 0 
Semi-arid 1 200 – 400 74 
Semi-arid 2 400 – 600 14 
Sub-humid 600 – 800 10 
Humid 800 – 1200 1 
Super-humid ˃ 1200 1 
 
The United Nations Development Programme (UNDP) reported that many countries 
within the Middle East region including Iraq, Syria, Turkey, and Iran have been facing 
severe drought conditions since the beginning of the current century. Fig. 1 shows 
UNDP (2011) declared affected areas in the Middle East under drought (Fig.1). 
 
Figure1: A recent map of the Middle East that shows the wide spread drought (outlined 
in red; UNDP, 2011) 
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The drought situation gripping many parts of the world has severely impacted the water 
resources, livestock, and agriculture and threatens a possible famine. Genetic 
modification of crops for drought tolerance represents one of many approaches that can 
help alleviate low agricultural productivity caused by inadequate water supply. 
 
Carrots general introduction 
 
Carrot (Daucus carota L.) is a diploid species (2n=2x=18) and a member of the 
genus Daucus, in the Apiaceae family. The genus Daucus contains approximately 22 to 
25 species (Saenz, 1981) which grow commonly in the Mediterranean region and 
Southwest Asia. Moreover, some representative species are found in North Africa, 
Australia, New Zealand, and the American continent (Peterson and Simon, 1986). 
Afghanistan and Central Asia are considered to be the primary center of genetic diversity 
of carrots, whereas the Anatolian region of Asia Minor is considered as the primary 
center of origin for Western carrot (Heywood, 1983; Simon, 2000).  
Carrot is among the top ten, most economically important vegetable crops in the world, 
both in terms of production and market value ( Rubatzky et al., 1999; Simon, 2000; 
Fontes and Vilela, 2003; Vilela, 2004). World-wide production of carrots and turnips in 
2010 was estimated at 33.66 million metric tons, while their area harvested, yield, and 
seed production were 1.164 million ha, 0.289 million/ha, and 18186 tons, respectively 
(Food and Agriculture Organization (FAO), 2010). Carrot is also widely used in Iraq 
with a total production of 27,636 tons on 2,175 hectares in 2010 (FAO, 2010).   
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Although carrot is a biennial species, it can be handled as an annual crop if roots are 
replanted for seed production after storage at 2-5°C for 6-8 weeks (Peterson and Simon, 
1986). After vernalization, carrot develops perfect flowers, each one consisting of five 
sepals, petals, and anthers and split pistil. Carrot flowers contain two locules and each 
one contains a functional ovule. Carrot fruits are schizocarps consisting of two 
mericarps, and each one of them is an achene (Rubatzky et al., 1999). These flowers are 
protandrous thus promoting cross pollination, although selfing can occur between 
umbels at different developmental stages. Flowers are grouped in umbellets and 
arranged in primary, secondary, tertiary, and quaternary umbels. Each flower can 
produce two seeds leading to more than 5000 seeds per plant (Simon, 2000). Apiaceae 
species are characterized by having unique compounds like umbelliferose, petroselinic 
acid, and polyacetylenes. They also have specific phenols, phenylpropanoids, terpenes, 
saponins, and coumarins in roots, leaves or fruits (Hegnauer, 1990). These secondary 
compounds in Apiaceae taxa are well-recognized in traditional and modern medicines.  
Carrots are also rich in carotenoids, which provide vitamin A in the human diet 
(Simpson, 1983). Vitamin A deficiency causes xerophthalmia, night-blindness, and even 
death affecting millions of children each year, especially in developing countries 
(Simon, 1997). Stavric (1994) described beneficial effects of carrot flavonoids and 
carotenoids on the cardiovascular system, as well as their anticarcinogenic properties.  
Like most of the vegetables from the Apiaceae family, carrot is a cool-season crop 
(Rubatzky et al., 1999). Carrots require 12-14 weeks for commercial production and are 
usually grown in the temperate climates, although it can be produced during winter in 
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subtropical regions, and in high-elevation tropical climates. The optimal growth 
temperature for carrots is between 15 and 21°C and temperatures less than 10°C or more 
than 25°C reduce organoleptic properties and limits the production. The availability of 
appropriate moisture throughout the growing season is a crucial production requirement. 
Although carrot’s water need is moderate, the species cannot be considered drought 
resistant (Rubatzky et al., 1999).  
 
The utilization of stress proteins 
 
Plant adaptation to environmental stresses relies upon the triggering of certain 
molecular pathways involving stress perception, signal transduction, and the expression 
of specific stress-related genes and metabolites (Vinocur and Altman, 2005). Several 
proteins shown to be synthesized in response to an altered environment and have been 
reported in plants as stress or shock proteins including HSPs, SRPs, TLPs, and many 
others (Henrik and Kees, 1972; Amar and Reinhold, 1973; Barnetr et al., 1980; Cooper 
and Ho, 1983; Diaz de Leon et al., 1980; Duque, 2011). However, only a few of these 
proteins are actually involved in known metabolic or physiological processes (Hanson et 
al., 1984; Sachs et al., 1980). Most of these proteins are synthesized as an immediate 
response to an altered environment including anoxia, temperature, wounding, and 
osmotic stress (Singh et al., 1985). Several proteins have been shown to be induced by 
hyperosmotic (low osmotic potential) environments (Gisbert et al., 2000). One of these 
proteins is osmotin, a unique protein belonging to a group of pathogensis-related 
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proteins (PR-5) family (Singh et al., 1987, 1989; Bol et al., 1990; Zhu et al., 1993, 
1995). The protein was first isolated in 1985 from the cultured cell of tobacco adapted to 
relatively high concentration of NaCl or polyethylene glycol (PEG). The protein was 
named osmotin due to its induction by low water potential of the growth medium (Singh 
et al., 1985, 1987). Osmotin belongs to a group of cationic proteins that exists in two 
forms with slightly different molecular weights: osmotin I with an isoelectric point (pI) 
of 8.2 or greater that is readily soluble in standard buffers; osmotin II with a pI of 7.8 
that is soluble only with detergents and urea (Singh et al., 1985, 1987). The protein is 
first synthesized as a preprotein with a molecular weight of 26.380 KDa which then 
matures to 23.984 kDa size (Singh et al., 1989).  Osmotin has peptide sequence similar 
to many stress-related proteins such as the tomato protein NP24, the bifunctional 
trypsin/α-amylase inhibitor from maize, the tobacco antiviral protein gp22, the potato PR 
protein C, and the sweet protein thaumatin (Bryngelsson and Green, 1989; Edelbaum et 
al., 1990; King et al., 1988; Pierpoint et al., 1990; Richardson et al., 1987; Singh et al., 
1987). Thaumatin is a sweet protein present in the fruits of a tropical plant 
Thaumatococcus daniellii (Henrik and Kees, 1972). It has an amino acid sequence that is 
significantly homologous with osmotin, along with several common features including 
similar molecular weight, the lack of sulfhydryl residues and the presence of several 
disulfides, a high proportion of proline, and a basic pI. The sweet test of Thaumatin is 
basically due to high lysine content and certain lysine residues, however, it differ from 
osmotin that has lower lysine residues (Singh et al., 1987). The same group (Singh et al., 
1985, 1987) also showed that osmotin protein can be induced in response to treatment 
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with abscisic acid (ABA) or NaCl and PEG-mediated water stress. However, salinity or 
osmotic stress did not induce osmotin transcripts in an ABA-deficient mutant of tomato, 
suggesting the involvement of ABA in osmotin mRNA accumulation (Grillo et al., 
1995). In addition to induction by ABA, osmotin transcription is controlled by a wide 
range of tissue specific factors and various hormonal signals indicating considerable 
transcriptional and post-transcriptional regulation of osmotin mRNA (Kononowicz et al., 
1992; LaRosa et al., 1992; Raghothama et al., 1993). Some studies reported that the 
synthesis and accumulation of osmotin mRNA is regulated by at least six hormonal or 
environmental signals including ABA, ethylene, tobacco mosaic virus infection, salinity, 
desiccation, and wounding in both cultured cells and whole plants of tobacco (LaRosa et 
al., 1987,1992; Singh et al., 1987). Neale et al. (1990) reported that osmotin and other 
PR protein genes were overexpressed in tobacco tissue treated with cytokinin that 
resulted in the induction of flowering.  In addition, even in intact plants, osmotin is 
expressed in floral organs during their development. These results indicate a role for 
osmotin and other PR genes during transition from the vegetative to reproductive state.  
Much of the secreted osmotin protein was found to be localized in electron-dense 
inclusion in the vacuoles. It was barely detectable in the ground cytoplasm with no 
preferential localization within the cytoplasm. It has also been detected in the 
extracellular matrix of plant cell, although it might be just an acidic form of the protein 
as are other extracellular PR proteins (Casas et al., 1992). Kononowicz et al. (1992) 
demonstrated the spatial and temporal pattern of the osmotin promoter during normal 
plant development and after adaptation to NaCl. They found that the osmotin promoter 
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exhibits a high level of activity in mature desiccated pollen grains during anther 
dehiscence and in pericarp tissue at the final desiccating stages of fruit development. 
They also found that there are temporal and spatial pattern similarities between Na
+ 
and 
K
+
 distribution within whole plants and the osmotin promoter activity; for example, an 
increase in the promoter activity in the root elongation zone, stem parenchyma, and older 
leaves. The authors state that these similarities support the hypothesis that the expression 
of the osmotin gene is an adaptive response of plants to osmotic stress. 
Considerable numbers of studies have reported the protective role of osmotin against 
biotic and abiotic stresses. Overexpression of the osmotin gene in tobacco plants 
improved their tolerance to salinity and drought stress (Barthakur et al., 2001). Along 
with tobacco, the constitutive expression of the osmotin gene conferred tolerance against 
biotic and abiotic stresses in wheat (Noori and Sokhansanj, 2008), strawberry (Husaini 
and Abdin, 2008), cotton (Parkhi et al., 2009), and mulberry (Das et al., 2010). In their 
work with olive trees, Angeli and Altamura (2007) speculated that osmotin can play a 
role in cold acclimation by its involvement in programmed cell death, blocking cold-
induced calcium signaling, and affecting cold-induced cytoskeleton alteration. The 
osmotin protein plays a bifunctional role in osmotic stress adaptation and plant defense 
(Kononowicz et al., 1992; La Rosa et al., 1992; Nelson et al., 1992; Zhu et al., 1995). 
Several hypotheses have been proposed suggesting osmotin’s mode of action, either by 
facilitating the confinement of solutes in the vacuoles (Barthakur et al., 2001), or by its 
involvement in altering the plant structure and metabolism during the osmotic 
adjustment (Singh et al., 1987). It is also believed to protect the proteins’ native structure 
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and repair denatured proteins during stress (Evers et al., 1999). However, the actual 
protective mechanisms of osmotin against abiotic stress are still not very clear and are 
under investigation.  
In addition to osmotic stress, osmotin has been shown to be induced in response to viral 
and fungal infections in tobacco and tomato (Stintzi et al., 1991; Woloshuk et al., 1991). 
Overexpression of the osmotin gene in transgenic potato increased tolerance to late 
blight caused by Phytophthora infestans and delayed the development of the disease 
symptoms (Liu et al., 1994). Tobacco osmotin was also shown to inhibit the growth of 
Candida albicans, Neurospora crassa, and Trichoderma reesei (Vigers et al., 1992).  In 
a large-scale in vitro study, Abad et al. (1996) demonstrated the antifungal properties of 
osmotin against a wide range of fungal pathogens.  They showed that osmotin can cause 
membrane permeabilization and deplete the pH gradients across the cell wall of sensitive 
pathogen species. However, different factors can affect the sensitivity to osmotin 
including the growth stage of the fungus, the concentration of NaCl and other inorganic 
cations, and the cell wall properties. 
The reports described above suggest that utilization of tobacco osmotin gene in carrot 
plants might be a possible approach to produce transgenic plants that can withstand the 
reduction in water availability. Therefore, carrot plants were transformed with the 
tobacco osmotin gene under the control of the Cauliflower Mosaic Virus (CaMV35S) 
promoter and terminator, using the Agrobacterium tumefaciens transformation method. 
Our aim was to obtain carrot lines that constitutively express the tobacco osmotin and 
evaluate their ability to tolerate drought stress. During the course of investigation, these 
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carrot lines were subjected to water deficit conditions and several physiological, 
biochemical, and developmental parameters were examined.  
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2. MATERIALS AND METHODS 
 
Plant materials and tissue culture 
 
Approximately 100 carrot (Daucus carota L. var. Chantenay; Burpee Garden 
products Co., Warminster, PA) seeds were surface sterilized in 70% ethanol for 30 s 
followed by three washes with sterile distilled water. The seeds were then soaked in 15% 
sodium hypochlorite and a drop of Tween-20 for 10 min with continuous shaking. After 
four washes with sterile distilled water, the seeds were allowed to germinate on the MS 
medium (Murashige and Skoog, 1962) for several days. Hypocotyl explants from 
germinated seedlings were grown on callus induction medium (CS1) for 1-2 months 
according to the protocol described by Sung et al. (1981) except that 2,4-
dichlorophenoxyacetic acid (2,4-D) was used at 1 mg/L instead of 0.1 mg/L 
concentration (Pawlicki et al. 1992). 
  
Agrobacterium-mediated transformation of carrot callus 
 
Carrot transformation was performed following the protocol established by 
Sunilkumar and Rathore (2001) and Rathore et al. (2006) using the Agrobacterium 
System. Briefly, A. tumefaciens, strain LBA4044 [harboring the binary vector 
pCAMBIA2300-Osmotin (Parkhi et al. 2009)] cultures were grown for 8 h in lysogeny 
broth (LB) medium [10 g/L tryptone (Difco Laboratories Inc., Sparks, MD), 5 g/L yeast 
extract (Difco Laboratories Inc.), 5 g/L NaCl, pH 7.0] containing 10 mg/L rifampicin 
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and 100 mg/L kanamycin. The suspension was then centrifuged at 4000 rpm for 20 min 
at 4°C. The collected cells were re-suspended in 10 mL modified autoinducer bioassay 
(AB) minimal medium [(5 g/L glucose, 50 mL/L AB salts (Chilton et al., 1974), 2.5 mM 
sodium potassium buffer, 3.9 g/L 2-(N-morpholino)ethanesulfonic acid (MES) (Sigma-
Aldrich, St Louis, MO), pH 5.5)] and shaken overnight at 28°C. The suspension was 
centrifuged again and the pellet was re-suspended in 10 mL pre-induction medium 
(PIM) (10 g/L glucose, 14.62 g/L MES, 0.1 M sodium phosphate buffer, 50 mL/L AB 
salts, pH 5.6) containing 20 µL acetosyringone (10 mg/mL). For approximately every 
100 mg-size of callus, 10 µL of A. tumefaciens suspension was applied. After 3 d of co-
cultivation on CS1 medium containing 20 mg/L acetosyringone, the calli were 
transferred to fresh CS1 medium containing 500 mg/L cefotaxime and 100 mg/L 
kanamycin to eliminate Agrobacterium and to select transformed cells. After two 
months, 2,4-D was removed from the selection medium and the calli were maintained on 
this medium until the initiation of somatic embryos.     
 
Regeneration of transformed calli 
 
Somatic embryos that developed were kept on CS1 medium that was devoid of 
both 2,4-D and antibiotics in Magenta boxes at room temperature with 16/8 h 
photoperiod. After the plantlets reached an appropriate size, they were transferred to 8.9 
cm pots containing Sunshine #5 soil medium (SunGro Horticulture, Seba Beach, 
Canada). The transgenic plants were grown under a 16/8 h photoperiod regime with 
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20°C/15°C day/night temperatures and 35% humidity settings in the growth chamber 
(Rubatzky et al., 1999). Afterwards, these transgenic plants were transferred to 3.78 L 
pots and grown under similar conditions.  
 
Flower initiation and seed production 
 
Following the vegetative development, carrot taproots were harvested and 
carefully cleaned with tap water to remove soil particles. Each taproot was treated with 1 
g/L fungicide (Banrot, Scotts-Sierra Crop Protection Company, Marysville, OH), 
separated individually in plastic bags, and incubated at 4-6°C for 2 months of 
vernalization treatment to induce flowering. Vernalized roots were replanted in 3.78 L 
pots and monitored for the initiation of flower stalks. After the plants flowered, each 
individual transgenic line was pollinated individually by hand to maintain self-
pollination using a small brush designated for each plant. The seeds were harvested 
when the seed stalk turned brown and kept at 4°C in sealed plastic bags.  
         
Osmotin construct 
 
A truncated tobacco osmotin gene lacking the sequence encoding a 20 amino 
acid-section at the C-terminal end (Singh et al., 1989; Liu et al., 1996) was ligated into 
the binary vector pRTL2 (Restrepo et al., 1990; Fig.2). The expression cassette 
contained the CaMV 35S promoter with double enhancer, a translational enhancer from 
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tobacco etch virus (TEV), the osmotin gene, and the CaMV 35S terminator. The cassette 
was isolated and ligated to pCAMBIA2300 to create the plant transformation vector 
pCAMBIA2300-Osmotin (Parkhi et al., 2009; Fig.3). 
 
 
 
 
Figure 2: pRTL – Osmotin (Restrepo et al. 1990). Truncated tobacco osmotin gene under 
the control of the CaMV 35S promoter and terminator ligated into the binary vector 
pRTL2.   
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Figure 3: Plant transformation vector pCAMBIA2300-Osmotin (Parkhi et al. 2009). The 
expression cassette contains the truncated tobacco osmotin gene under the control of the 
CaMV 35S promoter and terminator, the translational enhancer from tobacco etch virus, 
and the Neomycin phosphotransferase (nptII) gene as a selectable marker. 
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Polymerase Chain Reaction (PCR) 
 
Carrot genomic DNA was extracted following the protocol established by 
Chaudhry et al. (1999). The following thermal cycler and chemical reaction conditions 
were used for all PCR reactions using a Gene Amp
®
 model 9700 Thermal Cycler. Each 
25 µL reaction contained 2.5 µL 10X PCR buffer, 0.75 µL of 50 mM MgCl2, 1 µL of 10 
mM dNTP mix, 0.2 µL Taq polymerase, 1 µL of 10 mM from each primer, 1 µL DNA 
template, 17.55 µL ddH2O. The reaction was heated to 95°C for 5 min and exposed to 34 
cycles of 94°C for 30 s, 56°C for 45 s, and 72°C for 1 min and followed by 72°C for 10 
min at the last cycle and held at 4°C. The reaction products were separated on 1% (w/v) 
agarose (Invitrogen, Carlsbad, CA) gel in 0.5X TBE, stained with ethidium bromide, and 
photographed. Duplicate RT-PCR was also used to confirm osmotin gene expression. 
Total RNA was extracted from carrot leaves using Spectrum
TM 
Plant Total RNA Kit 
(Sigma-Aldrich). After treatment with DNase to remove DNA contamination, the RT 
reaction was carried out and cDNA was synthesized using the TaqMan
® 
Reverse 
Transcription Reagents (Applied Biosystems, Branchburg, NJ) with oligo (dT) primers 
using the protocol provided by the supplier. The synthesized cDNA was utilized for the 
PCR with two sets of primers; the osmotin primer pair: Osm1-F: 5’-
GCCGCCATGGGCAACTTGAGATCTTCT-3’; and Osm1-R: 5’- 
ACCCCCGGGCTAAGGACAAAAGATAACCCT-3’, and carrot H1 histone primer 
pair: DcHis1-F: 5’-CTTGGCTGAATACGCTTTGGAC-3’; and DcHis1-R: 5’-
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CCCGGGCTAAGGACAAAAGATAACCCT-3’ and similar PCR thermal cycler 
settings as mentioned above.     
 
Southern analysis to confirm genetic integration 
 
The presence of transgene in the transformants was confirmed using Southern 
blot analysis. Genomic DNA was isolated from leaf tissue of transgenic and control 
plants’ leaves using the protocol described by Chaudhry et al. (1999). The isolated 
genomic DNA (~12 µg) was digested with EcoRI and fractionated by electrophoresis on 
a 1% agarose gel in 0.5X TBE buffer at 22 V overnight and blotted on a Hybond-N
+ 
nylon membrane (GE Healthcare, Buckinghamshire, UK). For probe preparation, the 
osmotin gene in the plasmid pCAMBIA2300 was apmplified by PCR reaction and PCR 
products were separated on a 1% agarose gel by electrophoresis. The osmotin DNA 
fragment was purified from the agarose gel using the QIA quick Gel Extraction Kit 
(Qiagen Sciences, Germantown, MD). The blot was probed with radioactively labeled 
(α-P32 dCTP) osmotin using the Random Primer Labeling Kit (Invitrogen, Carlsbad, 
CA). The labeled blot was used to expose X-ray film at -80°C for 1-3 d to obtain an 
autoradiogram.       
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Western blot analysis for the expression of tobacco osmotin gene 
 
Western blot was performed according to the protocol established by Sunilkumar 
et al. (2009) with some modifications. Total soluble protein (TSP) was extracted from 
carrot leaves following Song and Ahn (2010) and quantified using the Bio-Rad Protein 
Assay (Bio-Rad Laboratories, Hercules, CA). Twenty five micrograms of TSP from 
transgenic and control plants were separated on 12.5% polyacrylamide SDS gel and 
blotted on a PVDF nylon membrane (Millipore Corporation, Bedford, MA). The 
membrane was blocked using blocking solution [(5% nonfat milk dissolved in 1X TBST 
(20 mM Tris (Sigma-Aldrich), 137 mM NaCl, pH (7.6), and 0.01% Tween-20)] for 1 h 
with continuous shaking. Antibodies raised against tobacco osmotin protein in chicken 
were used as the primary antibodies (1:500) which were purified from chicken eggs 
using Eggcellent
TM
 Chicken IgY Purification Kit (Pierce Biotechnology, Rockford, IL). 
The blot was treated with primary antibodies (anti-osmotin) overnight at 4°C with 
continuous shaking. Goat anti-chicken IgY HPR (Santa Cruz Biotechnology, Santa Cruz, 
CA) was used as the secondary antibody (1:5000). Antibody binding was detected using 
ECS chemiluminescence [(0.1 M Tris buffer (pH 8.9), 1.25 mM luminol (Sigma- 
Aldrich), 200 µM p-Coumaric (Sigma-Aldrich), 1 µL 30% H2O2)].      
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Short term drought treatment 
 
Carrot seeds from three lines (LCT61-90, LCT61-100, and LCT61-147) along 
with the wild-type were sown in 280 well seedling trays at an average of 100 seeds per 
line. After 7 d, 36 seedlings from each line that showed as much uniform growth as 
possible were selected and transferred to 8.9 cm plastic pots to hold exactly 90 g of 
Sunshine #5 soil (SunGro Horticulture). Transgenic and control plants were grown in the 
growth chamber under previously mentioned conditions for 5 weeks. Because of the 
chance of having null-segregants as the transgenic lines were from the T1 generation, a 
duplicate PCR reaction was carried out using the osmotin gene and H1 histone primers. 
Only the plants that tested positive for the osmotin gene were selected and used for 
further analyses. Twenty plants each of transgenic line and control were selected for the 
short-term drought treatment experiment. Before the starting date of the experiment, all 
the plants participating in the experiment were watered to complete saturation.  In the 
following days, water was withheld from half of the plants, while the other half was 
watered regularly. Plants were monitored daily for wilting.  After the drought treatment 
was terminated, the plants were re-watered for recovery. 
       
Determine relative water content 
 
Relative water content (RWC) was determined following the protocol described 
by Schonfeld et al. (1988). The first fully expanded leaves from both watered and water-
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stressed plants were collected to measure their fresh weight (FW). Then, each leaf was 
soaked in water for 24 h in sealed containers at room temperature. Excess water was 
removed by blotting the leaves on a filter paper and then reweighed to obtain turgid 
weights (TW). Further, the leaves were dried in an oven at 60°C for 72 h to determine 
the dry weights (DW). RWC was calculated using the formula described by Schonfeld et 
al. (1988): 
 
RWC (%) = [(FW – DW) / (TW – DW)] × 100 
      
Estimation of leaf H2O2 content 
 
This experiment was performed following the protocol described by Kariola et 
al. (2005) using 3,3-diaminobenzidine (DAB) staining in detached carrot leaves with 
some modifications. Briefly, fully expanded leaves from both watered and water-
stressed plants were collected and kept in 0.1% DAB (Sigma-Aldrich), solubilized in 10 
mM MES buffer (pH 6.5), overnight. Chlorophyll was completely removed with 100% 
ethanol at 65°C for 3 h and the leaves were embedded in 70% ethanol for observation 
using the M
2
Bio Fluorescence Microscope (Kramer Scientific Corporation, Amesbury, 
MA). The intensity of spots resulting from ROS accumulation was quantified using the 
WinRHIZO Pro 2007 software (Regent Instruments Inc., Canada). 
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Estimation of malondialdehyde (MDA) content in leaf tissue 
 
A  150 mg (midrib excluded) of fully expanded leaf sample was homogenized in 
5 mL of 10% trichloroacetic acid (TCA) (Sigma-Aldrich) and the extract was 
centrifuged at 10,000 rpm for 10 min. The reaction was carried out by adding 2 mL 
supernatant to 3 mL of 0.6% thiobarbaturic acid (Sigma-Aldrich) dissolved in 10% TCA 
and incubated at room temperature for 2 h. After boiling at 100°C for 1 h and cooling 
down to room temperature, the OD was measured spectrophotometrically at 450 nm, 532 
nm, and 600 nm (Quan et al. 2004). The malondialdehyde (MDA) content was estimated 
using the following formula: 
 
C (µmol / L) = [6.45(OD532 – OD600)] – 0.56 OD450 
   
Measurement of ion leakage in leaf tissue 
 
A modified method of Fan et al. (1997) was followed to measure the ion leakage 
following a short-term drought treatment. A 200 mg-size, fully expanded leaf tissue was 
collected from each watered and water-stressed carrot plant in a 50 mL centrifuge tube 
containing 15 mL of 0.4 M mannitol. The tubes were incubated (with gentle shaking) at 
room temperature for 3 h and the conductivity of the bathing solution was measured 
using an Oakton CON 11 Series conductivity meter (Eutech instruments, Malaysia). 
After this reading, the samples were boiled for 10 min and the total conductivity of the 
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bathing solution was determined. Membrane ion leakage was expressed in terms of 
initial conductivity of the bathing solution as a percentage of the total conductivity. 
             
Estimation of proline content in leaf tissue 
        
Proline levels in tissues were determined according to Bates (1973) and Ringel et 
al. (2003). One hundred milligrams of fully expanded leaf sample from each watered and 
water-stressed carrot plant was collected in a 2 mL microfuge tube containing 1.7 mL of 
3% sulfosalicylic acid (Sigma-Aldrich). Samples were homogenized with the aid of 
stainless steel beads and centrifuged. A 1 mL aliquot of supernatant was mixed with 1 
mL of acid ninhydrin (Sigma-Aldrich) and 1 mL of glacial acetic acid in a 20 mL size 
tube and incubated at 100°C for 1 h. Consequently, the reaction was terminated by 
incubating the tubes on ice. An aliquot of 2 mL of toluene was added to each tube and 
the mixture was vortexed for 10 s. One milliliter of the upper, toluene phase containing 
the chromophore was collected and read at 520 nm in a quartz cuvette 
specrophotometrically. Tissue proline concentrations were estimated based on a standard 
curve (0–100 µg/mL) for proline and are presented as µg proline/g FW according to the 
following equation: 
 
µg proline/g FW= [(µg proline/mL x 3.7)/100µg tissue] x10 
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3. RESULTS AND DISCUSSION 
 
Generation of transgenic plants 
 
We have transformed carrot plants with tobacco osmotin gene lacking a sequence 
encoding 20 amino-acids at the C-terminal end with the aim of producing superior 
transgenic lines in term of drought tolerance. This truncated version of the gene has been 
reported to confer tolerance to salinity, drought, and certain fungal species (Singh et al., 
1987; LaRosa et al., 1989; Abad et al. 1996). However, a recent study on cotton plants 
did not find enough evidence to support its antifungal or salinity-tolerance properties 
(Parkhi et al., 2009), however, the truncated osmotin did confer drought tolerance to the 
transformants. Using the Agrobacterium-mediated transformation method, we produced 
123 putative transgenic plants from 90 different transformed callus lines. For the initial 
screening of the putative carrot transformants, PCR analysis was performed to detect the 
presence of tobacco osmotin gene in their genomic DNA. The transgenic lines were 
identified by the presence of an amplicon of 0.36 Kb size. Fig.4 shows results from one 
such PCR analysis.  
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Figure 4: PCR analysis for T0 transgenic plants using osmotin gene-specific primers. 
Positive control (Osm), wild-type (WT), Transgenic lines (LCT61- 90,147,100, 59,119). 
Only the transgenic lines showed the amplified fragment corresponding to the coding 
region of the osmotin transgene. 
 
 
It should be noted that PCR analysis sometimes can provide false positive results due to 
Agrobacterium contamination of the regenerated plants. To prevent Agrobacterium 
growth, transformed calli are usually kept for relatively long time on media that contain 
appropriate antibiotics. In our case, we kept our calli on MS medium containing 100 
mg/L kanamycin and 500 mg/L cefotaxime for about two months. To examine whether 
our transgenic events were harboring Agrobacterium within their tissues, two different 
assays were performed. The first assay was performed by taking a leaf from each the 
transgenic event, cutting it into smaller pieces, and placing them on yeast extract peptone 
(YEP) medium [10 g/L yeast extract (Difco Laboratories Inc.), 10 g/L Bacto peptone 
(Difco Laboratories Inc.), 5 g/L NaCl, pH 7.0] at 28°C. After 3 d, Agrobacterium growth 
was observed around some of the leaf pieces suggesting that PCR positive results may 
have been obtained due to survival of Agrobacterium within the tissues (data not 
shown). The second assay was performed by conducting a PCR reaction using a pair of 
primers (pC2300-F: 5’- GAGCTGCCCATTCTTGAGTC-3’ and pC2300-R: 5’-
ACCGCGTACATCTTCAGCTT-3’) specific to the pCAMBIA2300 vector’s backbone. 
At least one plants showed positive PCR band suggesting the presence of Agrobacterium 
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(Fig.5). Therefore, the results from both assays suggested that the time period of 2 
months for calli maintenance on appropriate antibiotics might not be enough to eliminate 
all the Agrobacteria, especially those that live deep within the callus clusters. The results 
also show that PCR is not always a reliable tool to investigate the presence of trasgenes 
in target genomes especially when using the Agrobacterium-mediated transformation 
method. 
 
  
 
Figure 5: PCR analysis to detect Agrobacterium contamination in the putative transgenic 
plants using pCAMBIA2300 backbone specific primers. One plant showed a positive 
amplification indicating the presence of Agrobacterium contamination. Positive control 
from the Agrobacterium plasmid (P). 
 
 
Therefore, we used Southern blot analysis to completely verify the presence and 
integration of the tobacco osmotin gene in the D. carota genome. Genomic DNA from 
the transgenic and wild-type plants was digested with EcoRI and the blots were 
hybridized with an osmotin gene-specific probe. The analysis revealed hybridization 
bands only for the transgenic lines and not in the lane containing in the wild-type DNA 
(Fig.6). 
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Figure 6: Southern blot analysis of putative transgenic plants. Genomic DNA was 
digested with EcoRI and the blot was probed with radio-labeled osmotin gene-specific 
probe. Negative control from untransformed carrot wild-type plants (WT).    
               
 
Southern blot analysis revealed that, out of 123 putative transgenic plants produced 
following transformations, only 44 plants tested positive for tobacco osmotin gene 
integration. Similar transformation efficiency was observed by Pawlicki et al. (1992) 
with carrot variety Chantenay when transforming with Agrobacterium tumefaciens. 
These 44 plants were subjected to a 2-month long cold treatment at 4°C to induce 
flowering. Only 13 plants flowered following the vernalization treatment. In order to 
analyze the osmotin gene expression, duplicate RT-PCR analysis was performed. Out of 
13 plants that showed the formation of flower stalks, only 5 transgenic lines expressed 
the osmotin transgene (Fig.7).   
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Figure 7: Duplicate RT-PCR analysis on T0 transgenic lines using osmotin gene-specific 
primers along with carrot H1 histone gene-specific primers. Positive control from 
osmotin plasmid (P), negative control from untransformed carrot wild-type plants (WT).  
Histone (H1) was used as an internal control for the synthesized cDNA. Osmotin gene 
corresponding band (Osm). 
 
 
In summary, approximately one year and 4 months was needed to produce T1 seed 
(Fig.8). Peterson and Simon (1986) reported that wild carrot (Queen Anne’s Lace) 
usually completes its seed-to-seed life cycle in a year under field condition. Considering 
the tissue culture period, the time-length we experienced in producing T1 seed was 
reasonable.            
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Figure 8: A schematic representation of the stages from seed to seed through tissue 
culture for the production of T1 generation. Acetosyringone (AS), kanamycin (KAN), 
cefotaxime (CFX).   
 
 30 
 
Screening for osmotin in the T1 transgenic plants 
 
 As previously mentioned, only 5 out of 13 transgenic plants that were able to 
flower showed the expression of the osmotin gene and were able to produce seeds. 
Carrot is a cross-pollinated crop that relies mostly on insects, although self pollination 
can also occur (Rubatzky et al., 1999). In our case, self-pollination was the only option 
to maintain the purity of transgenic lines. Simon (1993) reported that selfing can lead to 
a reduced quality and quantity of carrot seeds. From 5 transgenic lines that showed 
osmotin gene expression, only 3 transgenic lines (LCT61-90, LCT61-100, and LCT61-
147) gave us sufficient amount of seeds to conduct the physiological and biochemical 
analyses. 
The presence of osmotin gene and its inheritance in the T1 transgenic lines was 
confirmed by Southern blot analysis. Genomic DNA was digested with EcoRI and the 
blot was hybridized using the osmotin gene-specific probe (Fig.9). All the T1 transgenic 
lines were positive for the presence of the transgene while no hybridization was detected 
in the wild-type plants. The banding pattern similarity between transgenic lines LCT61-
100 and LCT61-147 does not necessarily mean that they are descendent from the same 
independent line. Normally, when Agrobacterium strains infect the host, their T-DNA 
will get integrated at random positions within the target genome (Chilton et al., 1977). 
During restriction digestion, and depending on the restriction enzymes used, these 
different positions may provide fragments of similar sizes in rare cases. Lines LCT61-
100 and LCT61-147 appear to be such a case.          
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Figure 9: Southern blot analysis of genomic DNA from leaves of T1 transgenic plants. 
The DNA was digested with EcoRI and the blot was probed with osmotin gene-specific 
probe. Negative control from untransformed carrot wild-type plants (WT). 
 
 
 
The expression of the osmotin gene was examined by Western blot analysis on leaf 
tissue extracts from selected transgenic lines. Total soluble protein was extracted and an 
equal amount of 25 µg per sample was loaded in each well. The results showed clearly 
the expression of osmotin protein in carrot transgenic lines. No reaction was detected 
between the wild-type protein extract and the anti-osmotin antibody (Fig.10). 
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Figure 10: Western blot analysis for tobacco osmotin protein in T1 plants obtained from 
three different transgenic lines. Wild-type (WT), osmotin corresponding band (Osm), 
rubisco (rbc). Approximately twenty five microgram of total protein was loaded in each 
lane. Coomassie blue stained gel is shown as loading control.   
 
 
Segregation analysis for T1 transgenic plants 
 
Plants from each transgenic line were used to examine their tolerance to 
experimental drought conditions. T1 plants were initially tested by placing them on half 
strength MS medium containing 100 mg/L kanamycin. Only the plants containing the 
LCT61 cassette with nptII selectable marker, that confers resistance to kanamycin, were 
able to survive and perform normally, while the wild-type seeds and null-segregants 
failed to germinate (Fig.11a). Further screening for the presence of osmotin transgene 
was done by duplicate PCR using the osmotin and H1 histone specific primers. The 
plants that did not show the presence of osmotin were eliminated from the experiment 
(Fig.11b). 
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  b) 
 
 
Figure 11: Selection of transgenic plants prior to the short-term drought experiment. a) 
T1 transgenic and control seeds germinated on MS medium containing 100 mg/L 
kanamycin. Only plants with the transgene cassette insertion were able to survive while 
all the wild-type and null segregant seeds failed to germinate. b) Duplicate PCR 
screening using the osmotin and H1 histone gene-specific primers. Positive control (P), 
wild-type (WT), osmotin corresponding band (Osm), D. carota H1 Histone (H1).  
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Evaluation of transgenic plants subjected to drought stress 
 
 To evaluate the response to drought stress under growth chamber condition, three 
transgenic lines and the wild-type plants were subjected to drought conditions by 
withholding watering for 6 d. On day 6, nine out of ten plants from the wild-type showed 
severe wilting symptoms, while less wilting symptoms were observed in the transgenic 
line (Fig.12a). By day 7, all the wild-type plants had wilted while the wilting status of 
the transgenic lines was the same of that observed on day 6 (Fig.12b).  
 
           a) 
 
 
Figure 12: a) Wilting status of wild-type (WT) and transgenic carrot plants after 6 d of 
water stress. Transgenic plants showed less severe wilting when compared to the wild-
type. b) Line graph showing wilting in WT plants and transgenic carrot plants subjected 
to water stress for 6 d. c) Response to re-watering after 6 d of drought stress. Top panel 
shows stressed plants after 6 d of withholding water and bottom panel shows one day of 
re-watering after drought stress. 
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  b) 
 
 
 
 
 
 
 
c) 
 
Figure 12: continued 
 
 
We also examined the effects of re-watering after a drought stress treatment was applied 
in a different set of experiment. Five plants from each transgenic line along with the 
wild-type plants were subjected to water deficit conditions for 6 d. After the wilting 
signs became visible, the plants were re-watered and monitored for recovery. All the 
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transgenic lines showed fast and full recovery while two of the wild-type plants failed to 
recover and died due to drought stress (Fig.12c). Lower and slower rates of leaf wilting 
are a common feature for many drought-tolerant cultivars (Oya et al., 2004; Abraham et 
al., 2004; Ober et al., 2005). Similar results were also obtained during the induction of 
‘tolerant’ proteins induced by drought conditions, such as dehydrins (Stupnikova et al., 
2002), aquaporins (Borstlap, 2002), dcTLP (Jung et al. 2005). In addition to the 
regulatory involvement of these proteins in controlling the water movement, they also 
play a role in accumulating compatible solutes and osmolytes such as sucrose, polyols 
(mannitol, sorbitol, pinitol), proline, trehalose, fructans, and betaines which control the 
stomatal conductance and maintain cells turgor pressure (Smirnoff, 1998).     
 
Hydrogen peroxide (H2O2) accumulation in plants under drought stress 
 
Reactive oxygen species (ROS) including hydrogen peroxide (H2O2), superoxide 
anion, singlet oxygen (
1
O2), and hydroxyl radicals are believed to play an important role 
in plant inter- and intracellular signaling (Doke, 1997; Foyer and Noctor, 1999), and are 
considered to be a necessary component for the correct functioning of plants metabolic 
processes (Halliwell and Gutteridge, 1989; Asada, 1999). However, a high level of these 
products due to different stresses can damage cell structures and restrain cell function 
(Halliwell and Gutteridge, 1989; Elstner, 1991; Asada, 1999). Therefore, the 
accumulation of such products is a good indicator of the plant’s health under stress 
conditions. To investigate the level of H2O2 accumulation, leaves from the wild-type and 
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plants from each of the transgenic lines, subjected to drought stress by withholding water 
for 6 d, were stained with DAB and examined visually. Large areas of dark-brown 
precipitation were seen on the wild-type plants under water stress conditions, while 
smaller percentage of such brown spots was observed on the transgenic lines (Fig.13a). 
Automated colorimetric analysis revealed that the wild-type plants under water stress 
conditions showed browning in 46% of their total leaf area, while only 4, 5, and 11% of 
browning were observed in lines LCT61-147, LCT61-90, and LCT61-100, respectively 
(Fig.13b). An et al. (2011) found that a temperature-sensitive mutant of Capsicum 
chinense, sy-2, showed high accumulation of H2O2 when subjected to a prolonged period 
of relatively low temperature. Moreover, a zebra-necrosis (zn) mutant of rice exhibited 
dark-brown spots in the yellow sectors of their leaves during photoinhibition due to 
increased levels of H2O2 (Li et al., 2010). In plants, ROS is constantly produced in the 
peroxisomes, mitochondria, and chloroplasts as by-products of aerobic reactions (Ahmad 
et al., 2008; Apel and Hirt, 2004). Therefore, by exceeding their scavenging limits, they 
start to act as cytotoxins attacking the surrounding cells and causing such necrotic 
lesions.                
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Figure 13: Accumulation of Hydrogen peroxide (H2O2) in plants subjected to drought 
stress. a) Leaf section images from wild-type (WT) and transgenic lines after 6 d under 
normal conditions (top panel) and water stress conditions (bottom panel) showing H2O2 
accumulation with 3,3-diaminobenzidine (DAB) staining. b) Brown area percentage 
relative to the total leaf area due to H2O2 accumulation after 6 d of water stress.     
 
 
a) 
b) 
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Estimation of malondialdehyde (MDA) in plant leaves under drought stress 
 
MDA is generated as secondary breakdown products of lipid peroxidation caused 
by high levels of reactive oxygen species (ROS) during oxidative stresses (Davey et al., 
2005, Shulaev and Oliver, 2006, Zlatev et al., 2006). Increased levels of MDA and other 
relative aldehydes can alter DNA, RNA, and proteins structure due to Schiff’s base 
addition reaction, although it can also act as a secondary messenger during abiotic stress 
which up-regulate response genes (Esterbauer et al., 1991; Vollenweider et al., 2000; 
Farmer et al., 2003; Weber et al., 2004). MDA is widely used as a marker for lipid 
oxidation damage caused by various types of biotic and abiotic stresses (Esterbauer and 
Cheeseman, 1990; Sairam et al., 1998; Kenton et al., 1999; Scarpari et al. 2005). 
The levels of MDA in transgenic and control carrot plants under water stress conditions 
were estimated and the results are presented in Fig.14. All three transgenic lines showed 
lower level (P <0.01) of MDA accumulation comparing to the controls. However, no 
significant difference between the control and transgenic lines was observed under 
normal watering conditions. Similar observations were reported in an investigation on 
field-grown sage plants under drought stress conditions, suggesting a relationship 
between drought and oxidative stress (Munne-Bosch et al. 2001).     
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Figure 14: Malondialdehyde (MDA) levels in wild-type (WT) and transgenic carrot 
plants subjected to water stress conditions (yellow bars) and normal condition (blue 
bars) for 6 d. The data represent mean (n=5) ± SE. (**P<0.01). In each type of treatment, 
WT was compared to the transgenic lines treated in the same manner. 
 
 
Relative water content of carrot leaves under drought stress 
 
Leaves from the wild-type and three transgenic lines subjected to 6 d of water 
stress were examined for their ability to conserve water. Carrot transgenic lines LCT61-
147, LCT61-90, and LCT61-100 showed significantly higher water content in their 
leaves (P < 0.01, P < 0.01, and P < 0.05, respectively) when compared with the wild-
type counterparts. Their relative water contents were 20, 18, and 11% higher than the 
wild-type plants in lines LCT61-147, LCT61-90, and LCT61-100, respectively (Fig.15). 
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No significant difference was observed between transgenic lines and controls when the 
plants were well-watered.   
 
 
Figure 15: Relative water content in wild-type (WT) and transgenic carrot plants 
subjected to water stress conditions (yellow bars) and normal conditions (blue bars) for 6 
d. The data represent mean (n=5) ± SE. (*P<0.05, **P<0.01). In each type of treatment, 
WT was compared to the transgenic lines treated in the same manner. 
 
Sinclair and Ludlow (1985) proposed that RWC can be considered a better indicator than 
water potential when it comes to revealing the health status of a plant cell. This is 
reasonable because water is a major component necessary for almost every inter-
intracellular biochemical reaction. Different mechanisms were hypothesized to be 
involved in higher degree of drought tolerance including cell membrane stability, 
osmotic adjustment, maintenance of redoxin homeostasis and detoxification, and 
protection of important macromolecules from degradation (Hu et al., 2006). Osmotin’s 
suggested mode of action is either by facilitating the compartmentalization of solutes or 
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by altering the plant structure and metabolism which then leads to the osmotic 
adjustment of the plant cell (Singh et al., 1987). 
         
Measurement of leaked ions in the leaves of plants under drought stress 
 
The ability of cell membranes to maintain their stability and integrity during 
stresses is considered a major characteristic of drought tolerance (Bajji et al., 2001). 
Lipid peroxidation caused by high levels of ROS during a stress can damage the cell 
membranes and lead to electrolyte leakage (Sreenivasulu et al., 2000; Lauriano et al., 
2000; Apel and Hirt, 2004; Khanna-Chopra and Selote, 2007). Therefore, the degree of 
cell membrane injury caused by drought stress can be measured by quantifying ion 
leakages from the plant tissue. In order to do that, a conductivity meter was used to 
measure the conductivity of the aqueous medium bathing the leaves of plants that were 
subjected to 6 d of water withholding. The results revealed that even under unstressed 
conditions, transgenic plants showed less ion leakage (P < 0.05) than the wild-type 
plants. Furthermore, significantly higher (P < 0.01) ion leakage was observed in the 
wild-type plants subjected to water stress when compared to the transgenic lines 
(Fig.16). The relative conductivity values obtained from the three transgenic lines were 
10.8, 13.2, and 13.7% for lines LCT61-90, LCT61-100, and LCT61-147, respectively 
which were significantly different (P < 0.01) from the wild-type value of 29.4%. These 
results suggest that transgenic plants suffered less damage to their cellular membranes 
under drought stress. Many studies have used ion leakage to assess the severity of 
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damage to the plant cells when encountering unfavorable conditions. del Pozo and Lam 
(1998) used electrolyte leakage assay to compare the relative amount of cell death in 
plant tissues when studying the programmed cell death response of plants towards 
pathogens.  Drought-tolerant cultivars of bean (Zlatev et al., 2006), wheat (Sairam et al., 
1998) and maize (Pastori and Trippi, 1992) showed high cell membrane stability and 
low levels of reactive oxygen species. Our results clearly indicate lower levels of ROS 
and ion leakage in the transgenic plants when subjected to dehydration conditions, and 
thus support our conclusion of higher membrane stability in the transgenic plants. 
 
 
    
 
Figure 16: Measurement of Ion leakage in wild-type (WT) and transgenic carrot plants 
subjected to water stress conditions (yellow bars) and normal condition (blue bars) for 6 
d. The data represent mean (n=5) ± SE. (*P<0.05, **P<0.01). In each type of treatment, 
WT was compared to the transgenic lines treated in the same manner.   
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Estimation of proline content in the leaves of plants under drought stress 
 
As a part of their defense system, plants have the ability to accumulate specific 
metabolites in response to different stresses. One of these metabolites is the amino acid, 
proline.  This compound has been reported to accumulate to a level even more than 100 
times the normal concentration in a large variety of plants under stress conditions 
(Barnett and Naylor, 1966; Thomas et al., 1992; Wanner and Junttila, 1999). High 
accumulation of proline is believed to enhance drought tolerance (Stewart and Larhar, 
1980; Dib et al., 1994; Yamada et al., 2005) and therefore considered a good indicator of 
drought tolerance. Tobacco plants expressing the osmotin gene were shown to produce 
high level of proline whether under stressed or normal condition (Barthakur et al. 2001). 
There are two possible ways for the protective mode of proline, firstly, by protecting the 
enzymes structure from denaturation due to heat, cold, and salinity (Rajendrakumar et 
al., 1994; Pollard and Wyn Jones, 1979) and, secondly, by scavenging ROS 
accumulation during oxidative stresses (Smirnoff and Cumbes, 1989). Proline content 
was measured in the leaves of transgenic and control plants under well-watered and 
water stressed conditions. In well-watered condition, the level of proline was very low in 
all of the plants under investigation, with no significant difference between them. When 
water was withheld for 6 d, the level of proline increased in all the transgenic and control 
plants as shown in Fig.17. However, the expression of the osmotin transgene did not 
result in a significant increase in the proline levels of the transformants with respect to 
the controls, as has been reported by others. In fact, the wild-type proline level was 
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significantly higher (P <0.01) than lines LCT61-90 and LCT61-100 and slightly lower 
than line LCT61-147. The proline levels were 14.8, 19.4, 26.3, 23.9 µg/g fresh weight in 
LCT61-90, LCT61-100, LCT61-147, and the wild-type, respectively. Several studies 
demonstrated the beneficial effects of higher proline content of the plants in terms of 
their ability to withstand drought and salinity stress (Krishnamurthy, 1991; Kavi Kishor 
et al., 1995; Iyer and Caplan, 1998; Ramanjulu and Sudhakar, 2000; Parkhi et al., 2009; 
Goel et al., 2010). Thus our results on the degree of proline accumulation and the 
relative ability of the plant to tolerate water stress are not in line with earlier reports. A 
possible explanation for this result is that, as opposed to other species, carrot does not 
totally rely on high proline levels to protect itself from the drought. It is also possible 
that the studies showing a lack of correlation between proline accumulation and drought 
tolerance of a plant have not been published.            
 
Figure 17: Proline levels in wild-type (WT) and transgenic carrot plants subjected to 
water stress conditions (yellow bars) and normal condition (blue bars) for 6 d. The data 
represent mean (n=5) ± SE. (**P<0.01). In each type of treatment, WT was compared to 
the transgenic lines treated in the same manner. 
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4. CONCLUSIONS 
 
The tobacco osmotin gene identified and isolated by Singh et al. (1985) and reported 
to confer tolerance to drought, salinity, and certain pathogenic fungi (Singh et al. 1987; 
LaRosa et al. 1989; Abad et al. 1996) was successfully introduced into the carrot 
genome using the Agrobacterium-mediated transformation method (Rathore et al. 2006) 
as confirmed by Southern blot analysis. However, only 5 transgenic plants showed the 
expression osmotin mRNA and formed flowers. The secretion of osmotin protein was 
also confirmed by Western blot analysis that showed stable and abundant production of 
the protein. In response to a simulated drought stress and re-watering, several parameters 
were examined including wilting status, ROS accumulation, electrolytes leakage, 
relative water content, and free proline levels. In response to six days of withholding of 
watering, the transgenic lines showed lesser levels and slower wilting compared to the 
wild-type plants.  In addition, transformants exhibited faster and full recovery from 
wilting upon the termination of drought conditions. ROS accumulation, including 
hydrogen peroxide and malondialdehyde levels, were significantly lower in the 
transgenic lines compared to the wild-type counterparts providing an evidence of less 
oxidative damage due to the dehydration treatment. The transgenic lines were able to 
conserve more water in their tissue when subjected to drought condition for 6 d. 
Moreover, the transgenic plants showed significantly less ion leakage compared to the 
wild-type plants. Taken together, these results suggest an elevated degree of drought 
tolerance in the transgenic lines of carrot expressing the tobacco osmotin gene. Rubatzky 
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et al. (1999) showed that carrot seedlings are sensitive to Fusarium spp. which can cause 
wilting, stem base tissue decay, and seedling death. They also found that Phytophthora 
spp. can cause severe damage to carrot roots and reduce their quality. Abad et al. (1996) 
reported that these two fungi species were highly sensitive to tobacco osmotin. 
Therefore, it would be useful to test these same transgenic lines for their ability to resist 
these two fungal pathogens. If found to be effective, it will significantly increase the 
yield and quality of carrot plants.    
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